We show that transition metal atoms, when in contact with the open ends of single-wall carbon nanotubes can form stable tip structures. This allows one to combine the superior elastic and mechanical behavior of the nanotubes with the excellent electronic and electrical properties of transition metal systems to make high quality atomistic scanning probes for various nanotechnological applications. The geometry of the tip as well as the nature of the electronic states at the tip are found to be determined by the type of the transition metal atoms. We propose optimal tip materials for efficient probes based on a detailed electronic structure analysis using ab initio methods.
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The unique properties of the single-wall carbon nanotubes ͑SWCNs͒ make them excellent candidates for designing efficient tips for atomistic scanning probes. These include; tips for atomic force microscopy ͑AFM͒, electric force microscopy ͑EFM͒, and scanning tunneling microscopy ͑STM͒. Tips made of SWCNs can provide good resolution due to their nanometer-scale diameter and gentler imaging due to reduced tip-sample adhesion.
Recently, Dai et al. reported that carbon nanotubes might also constitute well defined tips for scanning probe microscopy ͑SPM͒.
1 They managed to attach individual nanotubes several micrometers in length to the silicon cantilevers of conventional atomic force microscopes. They observed that because of the flexibility of the nanotube, the tips were resistant to damage from tip crashes, while their slenderness permitted imaging of sharp recesses in surface topography. Finally, by using them in STM they managed to exploit the electrical conductivity of the nanotubes. Working along the same direction, Hafner et al. reported the growth of SWCNs directly from conventional AFM cantilevers assemblies.
2 Covalent functionalization by Wong and co-workers of these nanotubes was the next revolutionary step in SPM and, especially in chemical force microscopy. 3 Using SWCNs as a tip material, AFM tips have been produced by growing SWCNs using the chemical vapor deposition technique either in the "pore growth" mode or in the "surface growth" mode.
2,4
One drawback of the tips produced by catalytic processes, however, is that they may not be completely free of the catalyst atoms which may remain and reside at the end of the tip. 5, 6 There is also the likelihood that the atoms from the probed surface may get adsorbed on the tip during a STM working cycle. Another possibility is that the tip region may consist entirely of transition metals ͑TM͒ atoms grown at the end of a SWCN. All these scenarios require the presence of the metal particles at the tip end of the SWCN. While it is clear that the presence of metal atoms at the tip could seriously affect the interpretation, say, of the STM data, it also offers the exciting possibility of fabricating new and more efficient probe tips.
In this letter we propose an approach to the fabrication of metal tips at the end of SWCNs with a view to their efficient use in many atomistic probing applications. Our idea is to combine the superior elastic and mechanical behavior of SWCNs with the excellent electronic and electrical properties of TM nanowires. Our work is motivated by theoretical studies showing that the probing orbitals of an ideal tip should be of magnetic quantum number m l = 0 type as with this kind of tips one can obtain images that best reflect the detailed information of the sample. [7] [8] [9] This was demonstrated by detailed theoretical and experimental studies which revealed the active role of STM-tip orbitals of d z 2 or p z type in actual imaging experiments [9] [10] [11] ͑z being the symmetry axis of the tip͒. Furthermore, it was established that the d states of the TM tip at the Fermi level ͑E F ͒ contribute more than 90% of the tunneling current in the low bias regime. 12 This work was further substantiated by Hofer and co-workers. 13 There are two major issues involved, however, in the construction of SWCN tips having probing edges made of TMs. The first concerns the structure, the stability, and the electronic properties of the probing edge of the tip. The probing tip orbitals will have a significant dependence on the chemistry of the TM atoms used as well as the geometry of the TM cluster formed at the end of the SWCN. An accurate geometric characterization of the tip, therefore, is an important first step before calculating the tunneling current matrix elements since according to the approximation made for their evaluation, one gets expressions for the tunneling conductance associated with different probe points and, therefore, leads to different pattern contrasts. 11, 14 It should also be noted that the accurate knowledge of the tip structure is also a prerequisite for the correct explanation of the STM data a͒ Author to whom correspondence should be addressed; electronic mail: frudakis@chemistry.uoc.gr because the symmetry of tip plays an important role in determining the tunneling current as the latter depends on the matching condition of the orbital symmetry of the tip and the sample. 14 The second problem concerns the SWCN-TM interface. While this is a crucial problem the theoretical investigations of the TM-SWCN interface have been very limited due to the lack of any experimental data and the need of accurate simulations associated with the correlated nature of the interacting TM-carbon systems.
It is worth noting that the case of SWCN-TM tips is not the only area where one encounters the problem of the TM-SWCN interface. It is a fundamental problem in most of the nanoelectronics applications of the SWCNs since the chemistry and the quality level of the nanotube-metal interface determines the characteristics of the SWCN-based nanoelectronic components. 15, 16 For example, it was soon realized that the contact resistance of the SWCN-metal interface depends not only on the geometry of the contact 17, 18 but also on the intrinsic properties of the contacted metal. 19 Another very important issue related to the metal-SWCN interaction is the Schottky barrier effect at the interface of a semiconducting SWCN and a metal. 20 In the present work we make an attempt to solve the above referred problems by an ab initio study of the TM-SWCN interface and tip structure in the form of SWCN tips with metal probing edges for STM applications. Based on our previous investigations we functionalized the end of a ͑5-5͒ nanotube with transition metal atoms in order to add d-electron states near E F , directed along the tip axis and localized at the metallic edge of the tip.
Our calculations were carried out using the density functional theory ͑DFT͒ as implemented in the DMOL3 code 5 of the Materials Studio package. For the geometry optimizations we used the generalized gradient approximation with the BLYP functional combined with the polarized double numerical basis set. The core electrons were treated with DFT semicore pseudopotentials. 21 The SWCN-TM tip system was simulated by an 80 atom ͑5, 5͒ SWCN terminated at one end by a TM cluster. This metal cluster had 6 or 11 TM atoms. For our study we used clusters of Ti, Ni, Cu, and Au ͑Fig. 1͒. The dangling bonds at the other end of the SWCN were passivated with hydrogen atoms.
We begin our study of the tip model with a consideration of the ͑5,5͒-SWCN-Cu 6 complex. The geometry optimization of this system resulted in the C 5v symmetry tubular structure shown in Fig. 1͑a͒ . The geometry optimization was carried out without any symmetry constraints. As seen from Fig. 1͑a͒ , the structure terminates in a single Cu atom. In Fig.  2 the electron density as derived by a superposition of all the orbitals near the Fermi level which could contribute to the tunneling current is shown. A plot of the electron density of states ͑DOS͒ ͑not shown͒ shows this system to be metallic. It is worth noting that at E F , MOs of the free-SWCN ͑free of any TM and with a semifullerene cap at the end͒ are found to be delocalized over the whole nanotube.
Similar calculations were also performed for TM-SWCN complexes with Au 6 , Ti 6 , and Ni 6 clusters relaxed at the SWCN ends to form tips. All final tip structures were found to be stable and metallic; their relaxed geometries are presented in Figs. 1͑b͒-1͑d͒ , respectively. The behavior of the Au 6 cluster is very similar to the Cu 6 cluster at the SWCN end. This is understandable since both belong to the same column of the Periodic Table. Ti 6 and Ni 6 clusters behave quite differently, however. As seen in the figure, the Ti 6 cluster at the tip end of a SWCN takes the form of a distorted pentagonal pyramid. This distortion can be attributed in part to the smaller size of Ti atoms when compared to Cu and Au and in part to the difference in the d-band filling factor. Nevertheless, in the final structure the tip terminates in a single Ti atom. While considering the electronic structure of the tip with Ti 6 edge, it is worth noting that due to the asymmetric distortions of the structure, the electron density of its STMcontributing orbitals ͓see Fig. 2͑c͔͒ is centered at the end of the tip, but not in a symmetric and directional way as seen in the tips of Cu 6 , Au 6 , and Ni 6 ͑Fig. 2͒.
The Ni 6 tip is also found to differ from the other tips of the same size. The geometry optimization results in a tubular structure with C 5v symmetry where the metal cap is planar ͓Fig. 1͑d͔͒. Despite the planarity of the tip end, the total electron density is centered on the Ni atom at the tip end and along the tube axis ͑Fig. 2͒.
We next investigate the effects of the size of the TMcluster edge on the tip properties by performing geometry optimizations with larger size clusters of Cu and Ti, consisting of 11 atoms each, connected to the SWCN end. The results are presented in Figs. 1͑e͒ and 1͑f͒ for SWCN and SWCN-Ti 11 , respectively. The symmetry unrestricted optimization resulted in C 5v symmetry structures in both cases. The metal cap in each case consists of two pentagons in staggered positions relative to each other and the outer pentagon capped by the remaining atom. The end geometry is very similar to the case with the six atom caps seen in Fig.  1 . The electronic structure analysis in both cases, once again, leads to probing orbitals with electron density centered at the end of the tube. An examination of Fig. 2 reveals that the features of the large tips are similar to those found for the smaller systems. The only difference being that the Ti 11 tip becomes more symmetric than the Ti 6 tip.
The charge transfer across the TM-SWCN interface just as found in our investigations of the probing properties of the SWCN-TM tips, is unaffected by the size of TM-cluster edge. Significant changes are observed in the charge transfer, however, as the material of the metal tip is changed. In particular, we find that for tips made of Cu, Au, and Ni, there is a net flow of electron charge to the metal-tip side, while for tips made of Ti the charge transfer reverses its flow direction ͑see Fig. 3͒ . I.e., depending on the metal-tip, the barrier at the SWCN-TM interface can be either of Schottky-like or of Ohmic type. This is a very significant result because it has dramatic consequences not only on the tip transport properties but also on the fundamental understanding of the properties of the SWCN-TM interface.
Our detailed analysis has shown that the type of the interface barrier can be understood in terms of the ionization potentials ͑IP͒ ͓or the work function ͑WF͒ accordingly͔ of the free-SWCN and the isolated metal tips, the latter assumed free from their attachment to the SWCN. Indeed, our calculations have shown that the IP of the free-Ti 6 tip, ͑4.11 eV͒, is much smaller than the WF of the free SWCN used in these calculations ͑6.14 eV͒, while the IP of Cu 6 , and Au 6 ͑6.56 and 7.60 eV, respectively͒ are larger than the WF of the SWCN. The expected change in the IPs due to cluster size ͑see, for example, Ref. 22͒ does not change the observed IP-WF relationships and, therefore, no transformations of the barrier type are found as the metal tip increases in size. However, if an increase in the tip size alters the IP-WF relationship, this may affect STM or conductivity data considerably.
According to our results, carbon nanotubes terminating in the Cu 11 and Ti 11 clusters seem to form ideal tip configurations. They exhibit large DOS near the Fermi level, directed along the tip axis and centered at the tip end ͑see Fig.   2͒ . The tip with the Ti 6 cluster may also be a good candidate despite lacking the symmetry of Cu 11 and Ti 11 clusters. However, the trend found in this work shows that by increasing the size of the metallic part of the SWCN-TM tip one can recover the pure-metallic tip characteristics.
It is plausible that the properties of the SWCN-TM tip complexes presented may show a strong dependence on the radius of the SWCN as this is a critical variable determining whether a stable TM cap can be formed at the tip end of a SWCN. Nevertheless, the present study has shown that when TM caps can be stabilized at the SWCN edge the tips that can be produced have several significant properties which can be summarized as follows: ͑i͒ they combine the elastic and mechanical properties of the SWCNs with the electronic and electrical properties of the metal nanowires, ͑ii͒ they terminate in a single metal atom where a very directional probing orbital is centered. This property is of significant importance for STM applications and ͑iii͒ they provide an excellent mean for studying the SWCN-TM interface, the corresponding contact resistance and their effect on the transport properties of the SWCNs. The very recently reported experimental production of nanoelectrodes at the apex of AFM probes 23 provides support to our theoretical study.
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